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SignallingWhen cellular organelles communicate bad things can happen. Recent ﬁndings uncovered that the junction
between the endoplasmic reticulum (ER) and the mitochondria holds a crucial role for cell death regulation.
Not only does this locale connect the two best-known organelles in apoptosis, numerous regulators of cell
death are concentrated at this spot, providing a terrain for intense signal transfers. Ca2+ is the most promi-
nent signalling factor that is released from the ER and, at high concentration, mediates the transfer of an ap-
optosis signal to mitochondria as the executioner organelle for cell death. An elaborate array of checks and
balances is ﬁne-tuning this process including Bcl-2 family members. Moreover, MAMs, “mitochondria-
associated membranes”, are distinct membrane sections at the ER that are in close contact with mitochondria
and have been found to exchange lipids and lipid-derived molecules such as ceramide for apoptosis induc-
tion. Recent work has also described a reverse transfer of apoptosis signals, from mitochondria to the ER,
via cytochrome c release and prolonged IP3R opening or through the mitochondrial ﬁssion factor Fis1 and
Bap31 at the ER, which form the ARCosome, a novel caspase-activation complex.
© 2011 Elsevier B.V. All rights reserved.1. Introduction
Hangout: the ER-mitochondria interface
For a long time it had been assumed that mitochondria are indi-
vidually scattered in a random fashion in the cytosol. Not so. These or-
ganelles are spatially highly organised and aggregate in a distinct
reticular network in the cytoplasm supported by cytosolic proteins
such as actin that form the cytoskeleton of the cells [1]. Mitochondria
are not static but move along the microtubular network aided by the
molecular motor proteins dynein and kinesin. In addition, these or-
ganelles are in a constant state of change through ﬁssion and fusion
allowing their network to move, expand and shrink in response to
changing energy requirements and calcium levels [2]. Since the mito-
chondrial ﬁssion/fusion relies on an elaborate array of protein factors
that delicately balance these processes, the state of the mitochondrial
network is highly variable between cell types and critically depends
on the physiological status of the cell [3–8].
The endoplasmic reticulum (ER) is an extension of the nuclear en-
velope that adopts a highly interconnected tubular structure in the
cytosol. It can be divided into the rough and the smooth ER, based
on the association with ribosomes, which gives it a rough appearance
under the electron microscope. The ER, like the mitochondrial net-
work, is a dynamic construction in which new tubules are constantly
formed and move along the strings of the microtubular network pow-
ered by the kinesin molecular motor protein [9]. These ER tubules,
just like mitochondria, have the ability to fuse with each other [10].rights reserved.Mitochondria and the ER are tightly associated, a fact that has
been known for many decades [11–14], but only in 1990 were the
membrane sections at the ER biochemically determined that are in
close contact with mitochondria. Those so-called MAMs for “mito-
chondria-associated membranes” [15] co-purify with crude mito-
chondrial isolations and can be separated from this organelle using
a Percoll gradient. MAMs were shown to contain an accumulation of
enzymes for lipid synthesis and transfer (see below). Later studies
that established 3D structures of the mitochondrial and ER networks
estimated the total surface area of mitochondria in close contact with
the ER to be around 5–20% [16]. This large range probably reﬂects the
dynamic change that this interaction is subjected to since both of its
components are in constant ﬂux (see above).
At the MAM the membrane of the ER and mitochondria are sepa-
rated by only 10–25 nm [12], a distance that allows direct contact of
proteins and lipids in the ER with those in the outer mitochondrial
membrane (OMM). The MAMs are tightly packed with proteins of
which only those involved in cell death regulation are covered here.
For more detailed information see [17].
Several proteins were recently identiﬁed that facilitate the physi-
cal association between the ER and mitochondria (Fig. 1). Mitofusin
2 (Mfn2) is present in both, the OMM and the ER membrane, and
has been found to accumulate in MAMs [18]. Mfn2 can align the
two organelles through homotypic associations or heterotypic inter-
actions with mitofusin 1. If the mfn2 gene is repressed, various tech-
niques revealed that a considerable spatial gap arises between the ER
and mitochondria [19]. The other protein aggregate that establishes
the ER–mitochondria contact, the Mmm1/Mdm10,12,34 complex,
was identiﬁed by a “synthetic biology screen” that exploited that
ARCosome 
Mitochondrion 
Mfn2 Mfn2/1 
Mmm1 
Mdm10 
Mdm34 
Mdm12 
Gem1 
Mstn 
Fig. 1. Tethering complexes at the ER–mitochondrial interface. The proteins shown mediate the physical association of the two organelles. More speculative factors facilitating the
inter-organelle alignment such as PACS-2 are left out. For more details see text.
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ble. Genes were then screened for those whose mutation could be
complemented by a synthetic fusion molecule that aligned the two
organelles [20]. Mmm1 is localised to the ER membrane, Mdm12 to
the cytosol, and Mdm 10 and 34 are mitochondrial proteins. Mmm1
and Mdm12 are members of the SMP-domain family that also have
representatives in metazoa systems suggesting that a similar complex
is present in higher organisms. To what extent this so-called “ER–
mitochondria encounter structure” (ERMES) is functionally con-
nected with the mfn2-mediated association and whether it is respon-
sible for the residual ER–mitochondria interaction observed in
Mfn2−/− cells [19] remains to be established. Apart from those two
recent exciting ﬁndings a previous study had also contributed to the
knowledge on the ER–mitochondrial association: PACS genes encode
multifunctional sorting proteins localised to the ER. Downregulation
of PACS-2, but not PACS-1, causes uncoupling of mitochondria from
the ER [21]. Whether this is a consequence of the mitochondrial frag-
mentation that was also observed in this study, remained unknown.
A so far little-known aspect of the protein complexes that tether
ER to mitochondria is whether they act solely in a structural capacity
or whether they also exert other functions as well. Mitofusins, for
example, have a prominent role in the fusion of the organelles,
which could suggest that the ER–mitochondria association is coupled
to mitochondrial dynamics. In line with this, a recent study discov-
ered that the ER tubules can warp themselves around mitochondria
to constrict them and induce Drp1 recruitment and mitochondrial ﬁs-
sion [22]. On the other hand, Mdm10 is a component of the sorting
and assembly machinery (SAM) complex in the OMM [23], and
PACS is likewise involved in protein sorting (see below) suggesting
that other processes are connected with tethering complexes, even
though it is unknown whether the proteins are still able to exert
their alternative function. The ERMES complex does seem to have a
role in phospholipid biosynthesis as mutants of its subunits cause a
reduction in the conversion of phosphatidylserine to phosphatidyl-
choline [20]. Without a doubt, the coming years will see a surge in
discoveries about how the ER and mitochondria interact and it islikely that the structures so far unveiled that tether the two organ-
elles together are highly regulated to facilitate the dynamic move-
ments of the organelles. In fact, mitostatin/trichoplein was recently
identiﬁed as a protein that modulates the activity of Mitofusin 2 to
tether the ER to mitochondria [24]. The upregulation of mitostatin/
trichoplein loosens the interaction, while its downregulation
strengthens the alignment of the two organelles. Also, biochemical
puriﬁcation of the ERMES complex identiﬁed the Ca2+-binding
Miro GTPase Gem1 as a component that regulates these structures.
Its mutation led to a reduction in the ERMES complex numbers and
increased their size [25,26].
Both, mitochondria and the endoplasmic reticulum (ER), are two
organelles involved in cell death and as we will see below exchange
signals to regulate apoptosis. Accordingly, far from merely forming
the backdrop for apoptosis signalling, the spatial proximity mediated
by the above factors is required for the efﬁcient transfer of apoptosis
signals between these organelles [16,27].
2. Mitochondria — don't like: too much Ca2+
The best-known interaction between the ER and mitochondria for
apoptosis is through Ca2+ exchange, an ion, which, upon application
of an apoptosis signal is released from the ER and rapidly taken up by
mitochondria (Fig. 2). This happens over a steep concentration gradi-
ent of 100–500 μM in the ER and only around only 10–100 nM in the
cytosol, which is also the Ca2+ concentration in the mitochondrial
matrix in resting cells. Given that the recently identiﬁed mitochondri-
al calcium uniporter [28,29] is highly selective for this ion but re-
quires high Ca2+ concentrations to open [30], the concentration of
calcium in the environment of mitochondria must accordingly be
high enough so that it can be taken up at the observed speed, which
lags behind the release from the ER by only 500 ms [31]. The concen-
tration of this ion in mitochondria can, upon ER Ca2+ release, reach
levels of several hundred μM as determined by mitochondrially tar-
geted aequorin [32] and this despite the fact that the Ca2+ concentra-
tion in the cytosol can increase to only 1–2 μM, which, however, is
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Fig. 2. Directional transfer of apoptosis signals from the ER to mitochondria. The most frequent apoptosis signalling from the ER to mitochondria encompasses the calcium ion,
which is regulated at multiple levels. Other apoptosis signals are transferred from the ER to mitochondria as well such via ceramide and PACS-2 and the activation of JNK can
also potentially stimulate pro-apoptotic Bcl-2 family members such as Bim or BAD for mitochondrial activation. For more details see text.
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hypothesis was developed to explain this. It assumes that Ca2+ is re-
leased at locales of tight association between the ER and mitochon-
dria ensuring that in those spots the ion can reach high enough
levels [27]. In line with this, Ca2+ uptake by mitochondria is impaired
in mitofusin 2−/− cells [19]. Like its constituents, the ER–mitochondria
interface is a dynamic entity. Signals for apoptosis have been shown
to increase the association of mitochondrial with the ER [12]. In par-
ticular, Ca2+ is not only one of the signals that are exchanged for ap-
optosis but is also able to align these two organelles in amuch tighter
fashion. Ca2+ levels of over 1 μMhave been shown to tighten the ER–
mitochondria interaction [34] and also the movement of mitochon-
dria is reduced [35]; both effects are likely to enhance the level of
this ion at the ER–mitochondria interface and allow its efﬁcient up-
take by mitochondria. While the above-mentioned changes in mito-
chondrial Ca2+ are rapid, it is likely that slow but sustained increases
are underlying many scenarios that lead to cell death [36]. Once
Ca2+ reaches the mitochondrial matrix and its concentration sur-
passes a critical threshold, which, when sustained for long enough,
leads to the activation of the mitochondrial “permeability transition”
(PT) pore for mitochondrial outer membrane permeability (MOMP).
A multitude of experimental evidence points to the presence of
the PT pore at spots of close contacts of the mitochondrial mem-
branes. Indeed, this proteinaceous structure directly connects the
inner with the outer membrane of this organelle. The identity of its
components is controversial but the classical view holds that it com-
prises cyclophilin D, a molecular chaperone in the mitochondrial
matrix, bound to the adenine–nucleotide–translocator (ANT) in the
inner mitochondrial membrane, which interacts with the voltage-
dependent-anion-channel (VDAC) in the outer mitochondrial mem-
brane [37]. However, while cyclophilin D seems to be a necessary
subunit of this complex [38–41], there are reports that ANT and
VDAC proteins are redundant [42,43]. The two latter reports
employed knock-out cells of the respective genes and came to the
conclusion that the function of the PT pore was not compromised.However, both publications have to be critically assessed as the
study on ANT knocked-down ANT1 and ANT2 but not the later dis-
covered ANT4. Moreover, the work on VDAC used double knock-
out cells for VDAC1 and VDAC3 but only reduced the expression of
VDAC2 with RNAi. In any case, two presumed components of the
PT pore are directly involved in mediating the cell death signal via
Ca2+: VDAC in the outer mitochondrial membrane is responsible
for the efﬁcient uptake of the ion over the outer mitochondrial mem-
brane. Accordingly, VDAC overexpressing cells are more sensitive
to ceramide-induced cell death [44]. Upon transport of Ca2+ by the
above-mentioned uniporter into the mitochondrial matrix it binds
ANT, which is supposed to convert it – in concert with other factors
(see below) - into an unselective channel leading to the swelling of
the inner membrane due to osmosis and to the rupture of the outer
mitochondrial membrane and, ﬁnally, to the release of pro-
apoptotic factors such as cytochrome c for apoptosis [45]. The unspe-
ciﬁc PT pore also causes the breakdown of the membrane potential
ΔΨm, at the inner mitochondrial membrane, which contributes to
apoptosis by forming reactive oxygen species. The consequence of
the PT pore activation, apoptosis or necrosis, possibly depends on
the level of Ca2+ with high concentrations favouring necrosis and
lower levels apoptosis [46]. While Ca2+ is the most decisive param-
eter in the opening of the PT pore, it is not the only determinant. Fac-
tors such as ATP depletion, oxidative stress (peroxidized cardiolipin),
high inorganic phosphate directly impact on and cooperate with the
effect exerted by mitochondrial Ca2+ [47].
Recent investigations have revealed that the calcium ion crosses
the ER–mitochondrion junction at speciﬁc sites of tight functional
and spatial interactions: The inositol 1,4,5-trisphosphate receptor
(IP3R), which is a Ca2+ channel at the ER and mitochondrial VDAC
are physically connected through glucose regulating protein 75
(GRP75) and facilitate the Ca2+ exchange from the IP3R to VDAC
[48] (Fig. 2). As Grp75 is mediating the interaction of an ER-
associated with a mitochondrial protein, it could also, at least partial-
ly, be responsible for the physical interaction of these two organelles.
330 S. Grimm / Biochimica et Biophysica Acta 1823 (2012) 327–334However, overexpression of Grp75 did not lead to an increase of the
ER–mitochondria interactions [48] making it rather unlikely that
this complex is of substantial importance for the structural interac-
tion of the two organelles. Interestingly though, the ternary complex
of these proteins seems to be concentrated at MAMs, just like Mfn2
[19].
The ER is the site of residence for several Bcl-2 family members
and their prime target likewise seems to be Ca2+. Upregulation of
Bcl-2, one of the most prominent anti-apoptotic family members, is
able to reduce the Ca2+ storage in the ER causing a reduction of apo-
ptosis [49,50], apparently by increasing the leakage of the ion from
this organelle [51,52]. On the other hand, when Ca2+ is increased in
the ER, the cells become sensitised to apoptosis in some [53] but
not all scenarios [54]. Bcl-2 and Bcl-XL have been shown to interact
with IP3R and this impacted on the Ca2+ release with Bcl-2 inhibiting
and Bcl-XL enhancing the discharge from the ER at low IP3 concentra-
tions leading to a reduced ER Ca2+ content [55,56]. While seemingly
contradictory at ﬁrst glance, the result in both scenarios is reduced
Ca2+ release by cell death signals. Alternatively or in addition, the in-
creased sensitivity at low IP3 levels mediated by Bcl-XL could also
stimulate mitochondrial bioenergetics and hence survival. The in-
creased Ca2+ leak through the IP3R seems to be based on its phos-
phorylation and subsequent inhibition [57]. For the type 3 IP3R this
phosphorylation was proposed to be accomplished by the anti-
apoptotic Akt kinase [58,59]. Bax and Bak, two pro-apoptotic Bcl-2
family members, are required for the high Ca2+ load in the ER [57].
In their absence, only when the ER calcium level is restored by e.g.
overexpressing Ca2+ transporters, are cells again responsive to pro-
apoptotic stimuli indicating that the ER calcium content, and as a
consequence, the surge of calcium released from the ER and its inﬂux
into mitochondria is necessary for the execution of cell death [60].
In general, it seems that it is the massive (and prolonged) release of
Ca2+ from the ER that leads to an overload of this ion in mitochon-
dria. Hence, the amount of Ca2+ in the ER determines the amount
of Ca2+ taken up by mitochondria, which conversely governs the
cells' sensitivity to apoptosis stimuli. The true story, however, appears
to be more complex. Many signals lead to an increase in the mito-
chondrial Ca2+ concentration but not to cell death. Rather, some are
turning on the metabolism in this organelle and cause an increase
in ATP (similar to Bcl-XL (see above)). This reﬂects the dual character
of calcium as a survival factor and apoptosis signal [61]. So it seems
that apoptosis signals also have a second, Ca2+-independent function
to sensitise cells for the increased level of this ion in mitochondria
[33]. This two-hit hypothesis could apply to ceramide, which leads
to Ca2+ release from the ER and in an elegant study was proposed
to also, independently, sensitise mitochondria to this ion [53]. More-
over, physiological IP3R-mediated Ca2+ spikes were converted into
apoptosis signals by the effect of ceramide on the PT pore [62]. This
could reﬂect the fact that additional factors are needed to activate
the PT pore (see above). That Ca2+ release is not sufﬁcient for the
apoptosis signal transfer from the ER to mitochondria has also been
suggested by data on cells that contained Bak exclusively localised
to the ER [63]. When the ER-localised BH3-only proteins Bim and
PUMA induce apoptosis in those cells, they engage the IRE1α/
TRAF2/JNK pathway (see below), potentially through the observed
interaction between Bak and IRE1α [64], and cooperate with Ca2+ re-
lease for a pro-apoptotic response of mitochondria.
Calcium signalling for apoptosis can be affected by several factors
located in the cytosol or in the junction between mitochondria and
the ER: tBid is produced through cleavage by caspases in the cytosol,
it translocates to mitochondria and increases the IP3R-mediated
calcium concentration in this organelle thus enhancing MOMP [65].
Interestingly, this is only the case for the Ca2+ surge in the microdo-
main between the ER andmitochondria, as the sustained elevation of
cytosolic Ca2+ did not affect [Ca2+]m. It is therefore likely that dur-
ing apoptosis tBid channels in the OMM provide the entry for theCa2+ that is released from the ER. Moreover, the expression levels
of the anti-apoptotic Bcl-2 protein Mcl-1 diminish the mitochondrial
Ca2+ increase during apoptosis induced by staurosporine. Exactly
how this is accomplished is unknown but an effect on the Ca2+
store and the IP3R-3 was excluded [66]. Interestingly, the tumour
suppressor PML protein has recently been identiﬁed in MAMs and
shown to be responsible for the apoptosis signal transfer from the
ER to mitochondria. In its absence the ER Ca2+ content is reduced
and consequently the release of Ca2+ is diminished leading to less
apoptosis [67]. This resembles the effects with Bcl-2 proteins and
indeed PML can, like those proteins, interact with IP3R-3 [67]. In its
absence this Ca2+ channel is hyperphosphorylated most likely by
AKT, which has also been found in this complex resulting in a re-
duced Ca2+ efﬂux and less apoptosis [68].
It is interesting to note that while ER Ca2+ release has ﬁrmly been
established on the roadmap of apoptosis, only little is known on how
the various cell death signals activate the ER for this [61]. Changes in
the Ca2+ level in the ER elicit ER stress, a universal cellular response,
which, through three ER sensors (PERK, IRE1α and ATF6), blocks
translation and upregulates genes that ﬁrst mount an anti-apoptotic
response. Only if the disturbance cannot be overcome and the signal
persist, is apoptosis induced [69]. ER stress can also be initiated by
the accumulation of unfolded proteins in this organelle, which causes
Ca2+ release. The underlying molecular process has been uncovered
recently: A truncated splice isoform of the SERCA-1 transporter
(S1T) is a target gene of the PERK-induced eIF2a-ATF4-CHOP path-
way. Its transcriptional upregulation leads to its accumulation in
MAMs, dimer formation, to Ca2+ release from the ER and subsequent
mitochondrial uptake and activation for apoptosis [70]. In line with
this overexpression of S1T – but not SERCA-1 – causes apoptosis. At
the same time the authors of this study showed with time-lapse im-
aging that ER stressors lead to the decrease of mitochondrial move-
ments and an increase in the ER–mitochondria association. This was
independent of the SERCA-1 transporter but dependent on S1T as it
was abrogated with siRNA against this transporter isoform.
One of the ER stress sensors, IRE1α, can, when the ER chaperone
BiP (Grp78) is released to facilitate the folding of proteins that accu-
mulate during ER stress, recruit the adaptor protein TRAF2 through
its cytoplasmic domains and activate ASK-1 and JNK kinase [71].
JNK could then target mitochondria through various signalling path-
ways such as the phosphorylation of Bim, and Bad [72], even though
this was not investigated under ER stress conditions (Fig. 2).
IP3R-3 has also been shown to be the target of the sigma-1 recep-
tor (Sig-1R) chaperone, which can likewise be found at MAMs. Upon
ER stress, when the Ca2+ level declines, BiP dissociates from Sig-1R
and allows the latter to associate with IP3R-3 thereby stabilising
this channel protein and enhancing the Ca2+ release from the ER [73].
3. Huddle: novel, complex signalling modes from the ER
to mitochondria
Besides Ca2+ other apoptosis signals are transferred from the ER to
mitochondria as well:MAMs are implicated in the phospholipid trans-
fer between the organelles [15,74,75]. These structures contain multi-
ple phospholipid- and glycosphingolipid-synthesizing enzymes, such
as long-chain fatty acid-CoA ligase type 4 (FACL4), phosphatidylserine
synthase-1 (PSS-1) and acyl-CoA:cholesterol acyltransferase (ACAT)
for cholesterol synthesis [76,77]. A role for apoptosis induction has
especially been proposed for ceramide, a composite molecule of
sphingoside and fatty acid that is synthesised at the ER from sphingo-
myeline upon reception of an apoptosis signal [78]. Once it reaches
mitochondria, ceramide is proposed to form a channel in the outermi-
tochondrial membrane for apoptosis induction [79,80].
The ER protein PACS-2 likewise has the ability to activate mitochon-
dria for apoptosis by binding to and directing the Bcl-2 family member
BID tomitochondria [21]. This is initiated by the translocation of PACS-2
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Fig. 3. Reverse signalling frommitochondria to the ER for apoptosis induction. The upper part shows the activation of the ARCosome, which can transfer a signal frommitochondrial
Fis1 to the pro-apoptotic p20 at the ER via the recruitment of caspase-8 and the cleavage of Bap31. The lower part the increased release of ER Ca2+ upon binding of cytochrome c to
the IP3R after its release from mitochondria. For more details see text.
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events including the binding of nonphosphorylated Bid to PACS-2,
the formation of truncated tBid leading to the release of cytochrome
c, the activation of caspase-3 and eventually cell death.
Also, calcium signalling for apoptosis was reduced upon Drp1-
mediated mitochondrial ﬁssion, most likely because the Ca2+ uptake
was impeded even though it was shown that the collapsed mitochon-
drial network retained the same number of connections with the ER
[81,82]. The apoptosis inducer ceramide was less efﬁcient in those
cells while, staurosporine, which triggers Drp-1 recruitment to mito-
chondria, was more active for apoptosis induction. This was explained
by the authors by assuming that the consequence of the breakdown
of the tubular mitochondrial network is that the Ca2+ waves in this
network was interrupted and hence a substantial number of mito-
chondria remain without a direct source of Ca2+ supply preventing
the Ca2+ overload during the apoptotic process. Of note, the ﬁssion
observed in those experiments did not lead to cell death per se. The
last examples of a novel and complex mode of apoptosis signal trans-
fer between the ER and mitochondria involves recent ﬁndings in
which mitochondrial biogenesis was linked to the inter-organelle in-
teraction. PGC-1α, a nuclear transcription co-factor that activates a
number of genes responsible for physiological adaptation of mito-
chondria and mitochondrial biogenesis, reduces the efﬁcacy of ER
Ca2+ release and mitochondrial Ca2+ uptake [83]. Consequently, ap-
optosis by signals such as ceramide, which relies on Ca2+ is reduced,
while staurosporine-caused apoptosis remains unchanged.
Autophagy is a cellular response in which cytosolic components
and even organelles are engulfed by membranes and delivered to
lysosomes for their destruction. This process is in most, but not all,
cases anti-apoptotic [84]. A study revealed that when the ER–
mitochondria communication is disrupted by the absence of
mitofusin-2, autophagy is likewise curtailed [85]. Also, a recent re-
port showed that mitochondria elongate during autophagy by the
phosphorylation and inhibition of Drp1 and the subsequent mito-
chondrial fusion. If this is inhibited, starvation of cells, which nor-
mally leads to autophagy, causes cell death [86]. If this is viewed in
the context of the above-mentioned ﬁnding that Drp1 is recruitedto interaction sites between the ER and mitochondria [22], it could
suggest that this is responsible for sensitising cells to cell death
initiators.
4. Circles: reverse transfer of apoptosis signals from mitochondria
to the ER and back again
Recent work also uncovered a reverse transfer of apoptosis sig-
nals, from mitochondria to the ER, and back to mitochondria through
mitochondrial ﬁssion factors and Bap31 at the ER, leading to the re-
cruitment and activation of caspase-8 [87] (Fig. 3). The ﬁrst indication
for such a reverse transfer of apoptosis signals came from a study that
discovered that the mitochondrial ﬁssion factor Fis1 induces a signal
through Bax and Bak at the ER [88]. Interestingly, this is not due to
a direct activation of these multidomain Bcl-2 family members but
is dependent on the activities of Bax and Bak to ensure a high enough
Ca2+ level as described above. Accordingly, enhanced SERCA expres-
sion can sensitise Bax/Bak KO cells to Fis1-induced apoptosis. We
have since built on that and unveiled a signal transfer from Fis1 to
the ER factor Bap31 [87]. Exogenous apoptosis inducers such as eto-
poside and actinomycin D, which are mediated by Fis1 [89], likewise
use this signalling route. This is accomplished by the recruitment of
procaspase-8 to the Fis1-Bap31 platform as an early event during ap-
optosis induction. This association is dependent on the variant of
death effector domain (vDED) in Bap31, which facilitates the cleavage
of Bap31 into the pro-apoptotic p20Bap31. This, in turn, establishes a
feed-back loop by releasing Ca2+ from the ER that activates the PT
pore at mitochondria for apoptosis. Hence, the Fis1-Bap31 complex
(the so-called ARCosome) spans the mitochondria/ER interface and
serves as a platform to recruit and activate the initiator procaspase-
8 thereby bridging two critical organelles for apoptosis signalling
[87]. We have found that Fis1 and Bap31 interact even in healthy
cells and that only upon apoptosis is caspase-8 recruited. Conse-
quently, the Fis1-Bap31 complex must undergo a change prior to
that. As the so far known caspase-activation complexes aggregate
several pro-caspases, which then cleave and activate each other, we
hypothesise that Bap31-Fis complexes aggregate to form multimers
332 S. Grimm / Biochimica et Biophysica Acta 1823 (2012) 327–334during apoptosis and preliminary experiments support this (Grimm
et al. unpublished). These ﬁndings are corroborated by an indepen-
dent study that detected in various cell lines pro-caspase-8 and
also its activated form associated with ER–mitochondria mem-
branes. At this locale Bap31 and its cleavage product p20Bap31
were also found [90]. Moreover, downregulation of the above-
mentioned PACS-2 protein causes loss of ER–mitochondria contacts
and mitochondrial fragmentation, both of which depend on Bap31
[21]. Interestingly, while PASC-2 knock-down has been shown to
lead to Bap31 cleavage into p20Bap31 no cell death was observed.
The authors of this study explained this by the observation that
PACS-2 is required or apoptosis induced by p20Bap31.
But why should it be advantageous for the cell to implement
such a circular signalling transfer and integrate the ER into the cell's
death decision when the executioner organelle, the mitochondrion,
is already primed for apoptosis? It could be that additional parame-
ters such as ER stress have to be incorporated into the death/surviv-
al decision of mitochondria. Even more likely is that with Ca2+
release from the ER the cell has the option to achieve a considerable
ampliﬁcation effect, which – even though the original stimulus tar-
geted only very few mitochondria – can then reach numerous of
those organelles and activate them for cell death induction.
Taking up the theme of amplifying apoptosis signals in a feedback
loop from mitochondria to the ER and back again, even though at a
later stage, the release of cytochrome c from mitochondria during
the execution phase of apoptosis leads to its binding to IP3R thereby
prolonging the Ca2+ release from the ER, which then feeds back
to mitochondria to activate the PT pore [91] (Fig. 3). Finally, chronic
but sub-lethal inhibition of complex II of themitochondria respirato-
ry chain impacts on the ER causing an increased Ca2+ leak through
the proteasome-dependent degradation of SERCA2b and PMCA and
an increase in the alignment of mitochondria with the ER [92].
These changes could then enhance the sensitivity of the cells for
apoptosis when complex II is activated by many signals for cell
death [93,94].
5. “ER–mitochondria interface +”: what next for the ﬁeld?
In the burgeoning ﬁeld of the ER–mitochondria interface and its
role in apoptosis signalling important issues remain to be addressed:
The most obvious one is whether the tethering structures consist of
additional subunits, how they are functionally regulated to facilitate
the dynamic changes of the ER–mitochondria interface, and how
this is linked to the various apoptosis scenarios. Another pressing
issue is whether the communication between the ER and mitochon-
dria is disturbed in disease and if so how can it be targeted therapeu-
tically. A crucial advance for addressing this is the set-up of an
efﬁcient method to isolate the MAMs [95], which will allow study
the biochemical composition of this complex under various patholog-
ical conditions. Some data already exists on the role of the ER–mito-
chondrial interface in diseases: In cells from familiar Alzheimer's
patients it has been found that mutated presenilins cause an Ca2+
increase in the ER, possibly enhancing the ability of this organelle to
activate mitochondria for the cell death of cortical neurons as ob-
served in this disease [96]. In addition, mutant presenilin-2 (but not
presenilin-1) enhances the Ca2+ transfer from the ER to mitochon-
dria by increasing the physical interaction between the two organ-
elles possibly providing another important clue for the increased
cell death susceptibility of the neurons in this disease [97]. Moreover,
in pulmonary arterial hypertension (PAH) the epithelial cells in the
blood vessels of the lung hyper-proliferate and obstruct the blood
ﬂow, which is caused among other factors by a desensitisation to ap-
optosis signals [98]. It was recently found that Nogo-B is upregulated
in those cells leading to an increase in the space between the ER and
mitochondria and to a reduced lipid transfer between the organelles.
Importantly Nogo-B−/− mice are resistant to PAH induced throughchronic hypoxia [99]. Hence, it is possible that this gene is regulating
the ER-mitochondrial interface and this underlies the disease.
A so far unknown aspect of the ER–mitochondria interface is
whether mitochondria contain an equivalent structure of the MAMs
at the ER. It could be that mitochondria likewise comprise discrete
membrane patches for the contact with the ER and the connection
of the IP3R through Grp75 to VDAC, a component of the PT pore, sug-
gests that the PT pores are concentrated at these membrane sections.
Since the PT pore exists at locales of close contacts between the inner
with the outer mitochondrial membrane, such an arrangement could
then also juxtapose the ER membrane. A recent study also suggests
that the contacts of mitochondria with the ER tubules take place at
speciﬁc constriction sites [22]. Another rather unexplored aspect of
the apoptosis signalling though the ER–mitochondria interface is the
connection to mitochondria ﬁssion. The involvement of Fis1 in the
ARCosome [87], the implication of Drp1 recruitment to the contact
sites of ER with mitochondria [22], and the effects of ﬁssion on the
Ca2+ signal transfer [81] indicate that ﬁssion and the ER–mitochon-
dria interface are intertwined. With the pivotal, but still controversial,
role of ﬁssion for apoptosis induction [100,101], this topic will cer-
tainly attract wide attention in the future. Also, it will be crucial to
explore whether ER stress is directly transmitted to mitochondria
for apoptosis induction via the ER–mitochondria interface, indepen-
dently of the conventional stress pathway through the nuclear upre-
gulation of genes (see above).
In conclusion there is no doubt that, like the revolution in how we
communicate through social networks on the internet, future insights
into the biological social network of cell death signalling between the
ER and mitochondria will transform many aspects of biomolecular
science in the years to come.Acknowledgements
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